Introduction
There is compelling evidence suggesting that early nutrition plays an important role in the development of chronic disease in adult life. Low birth weight followed by catch-up growth is associated with glucose intolerance, insulin resistance, and type 2 diabetes in later life (Hales and Barker, 1992; Hales and Ozanne, 2003) . Studies of adults who were malnourished in utero during the 'Dutch Hunger Winter' provide direct evidence in humans the importance of maternal nutrition; malnourishment in mothers had permanent effects on the developing fetus and the subsequent health of the child (Heijmans et al., 2008) .
Alterations in the fetal nutritional environment perturb the development of the endocrine pancreas and target beta cell mass at birth (Petrik et al., 1999) . In addition, the resulting impaired glucose metabolism and insulin resistance is transmitted to the F2 generation in rats (Pinheiro et al., 2008; Zambrano et al., 2005) .
Some adaptations later in life may occur, but stress situations such as pregnancy and aging precipitate glucose intolerance and insulin resistance . In addition, glucose metabolism is also altered in the offspring (F2), even when the F1 females have been well-nourished (Benyshek et al., 2004) . This lack of F2 maternal pancreatic adaptation to pregnancy is likely to have adverse consequences on glucose metabolism of the grand-offspring (F3) (Benyshek et al., 2006) . This translational study in mice was undertaken to investigate endocrine pancreatic structure and beta cell mass in early life through the third generation offspring after maternal protein restriction. Such a transgenerational study may contribute to our understanding of the causes of the high incidence of type 2 diabetes in humans today.
Exposure of pregnant mice to a low-protein diet (LP) impairs endocrine pancreas development in their offspring. There is evidence that this phenomenon may persist in subsequent generations. Here, we evaluated the effect of LP on glucose metabolism and pancreatic morphometry in the F3 offspring of mice at birth and weaning. LP pups in the first generation were smaller at birth, but catch-up growth; F2-LP offspring had higher body mass at birth, but there was no difference in the F3 generation. The pancreatic mass decreased in F1-LP through F3-LP at birth but increased in F2-LP at weaning. The islet volume density and diameter were smaller in all restricted groups at day 1 and 21, and F1-LP had the lowest islet number; at birth, beta cell mass was smaller in F1-LP through F3-LP and remained low throughout suckling. At day 1 and 21, pups were normoglycemic, but were hypoinsulinemic at weaning. Thus, protein restriction in mice during pregnancy produces morphologic changes in pancreatic islets, suggesting that glucose homeostasis is maintained by an increased sensitivity to insulin during the early stages of life in offspring over three consecutive generations.
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At birth, we analyzed the number of pups by litter (live and dead pups), the mass of the litter, and the individual pup body mass. The litter was then randomly reduced to six pups (with a 1:1 gender ratio, as much as possible) to ensure a standard plane of nutrition and the groups were formed by randomly picking up 1 animal per litter (n = 10). During the lactation period, pups were weighed weekly. At 12 weeks of age, one female offspring of each litter (F1 lineage) was randomly selected and mated with a male from dams not subjected to dietary manipulations to produce F2 offspring. Similarly, 12-week F2 females were randomly reserved to produce the third generation (F3). F1 and F2 mothers were fed a normal protein diet throughout the experiment, and the same procedures used with F1 generations were also applied to F2 and F3 generations.
Male offspring from F1, F2 and F3 generations were sacrificed at two different postnatal ages: days 1 and 21 (n = 10 for each age). At day 1, the animals were sacrificed by decapitation. At day 21, the animals were weaned, deprived of food for 6 h and euthanized with intraperitoneal sodium pentobarbital (150 mg/kg). At day 21, blood samples were collected by cardiac puncture. At day 1 and 21, plasma glucose concentrations were measured at the moment of the euthanasia using a glucose-oxidase method by hand-held glucometer (Accu-Chek Performa, Roche Diagnostics, Germany). Pancreases were removed, measured and fixed in freshly prepared formalin for 48 h, and then embedded in Paraplast Plus (Sigma-Aldrich Co., St. Louis, MO, USA). The volume of the pancreas (V[p]) was measured according to the submersion method (Scherle, 1970) , in which the displacement of liquid (isotonic saline) attributable to volume of the pancreas was recorded by weight (W). Because isotonic saline specific density (s) is 1.0048 g/ml, the respective volumes were obtained according to the formula (Weibel, 1979) .
Blood analysis at 21 days
After the blood samples had been collected, plasma was obtained by centrifugation (120 Â g for 15 min) at room temperature and stored individually at À20 8C until assay. Fasting insulin concentrations were measured using an insulin RIA (radioimmunoassay) kit (Linco/Millipore, INK 1017.18) with an intraassay coefficient variation of 1.4%.
Immunofluorescence and immunohistochemistry
For immunofluorescence, antigen retrieval was accomplished using citrate buffer, pH 6.0, 60 8C for 20 min and blocked with ammonium chloride, glycine 2%, and phosphate buffer, pH 7.4 (PBS). Pancreatic sections were simultaneously incubated with rabbit anti-glucagon (A0565, Dako) and guinea pig anti-insulin (A0564, Dako). Primary antibodies were diluted 1:50 in blocking buffer (PBS/1% BSA) and incubated overnight at 4 8C. Further, the samples were incubated for 1 h at room temperature with fluorochrome-conjugated secondary antibodies: donkey anti-rabbit IgG-Alexa 488 and goat anti-guinea pig IgG-Alexa 546 (Invitrogen, Molecular Probes, Carlsbad, CA, USA), both diluted 1:50 in PBS/1% BSA. After rinsing in PBS, the slides were mounted with DAPI Nucleic Acid Stain and SlowFade Antifade (Invitrogen, Molecular Probes, Carlsbad, CA, USA). Double indirect immunofluorescence images were captured using confocal microscopy (Zeiss Confocal Laser Scanning Microscopy -LSM 510 Meta, Germany). For immunohistochemistry, sections were incubated with guinea pig anti-insulin (A0564, Dako) diluted 1:100, and amplified with a biotin-streptavidin complex (K0679; Universal DakoCytomation LSAB + Kit, Peroxidase, Glostrup, Denmark). Insulin was identified with 3,3 0 -diaminobenzidine tetrachloride (K3466, DAB, DakoCytomation) and sections were counterstained with Mayer hematoxylin. Digital images of the stained slices were obtained using a LC Evolution camera mounted on an Olympus BX51 microscope (TIFF format, 36-bit color, 1280 Â 1024 pixels).
Pancreas stereology
Five-micrometer-thick sections were obtained from each pancreas at day 1 and day 21 and stained with hematoxylin and eosin. From the digital images of pancreatic tissue, the smallest and largest diameters from each islet were measured to calculate the mean islet diameter (Image-Pro Plus version 7.0, Media Cybernetics, Silver Spring, MD, USA). At least 100 islets were measured per group and observed during different developmental periods (days 1 and 21).
Islet number (N[islet])
The pancreatic islet number was estimated using a physical dissectorfractionator method (Bock et al., 2005) . Briefly, in a consecutive series of sections, starting with a random section and leaving an interval of 20 sections, the distance between look-up and look-down sections was 25 mm for each pair (d), as it represents about 1/4 of the islet diameter in these animals. Thus, islets seen in lookup in anterior sections but not the look-down sections were counted (Q A À ), and the numerical density of islets (N V ) was estimated as:
The number of islets (N[islet]) was estimated as the product:
Islet volume density (V v [islet]) and islet mass (M[islet])
Islet volume density was estimated by point-counting, the ratio of the number of points that hit the pancreatic islet (P p ) and the total number of test-points in a testsystem made up of 36 test-points (P T ):
was obtained by multiplying the islet volume density by pancreatic mass (Mandarim-de-Lacerda, 2003) .
Beta cell volume density (V v [beta cell]) and beta cell mass (M[beta cell])
Beta cell volume density was estimated by image analysis using the density threshold selection tool applied to islets with insulin-positive areas. Beta cell volume density was expressed as a percentage of the islet (Image-Pro Plus version 7.0, Media Cybernetics, Silver Spring, MD, USA). Thus, beta cell mass was estimated as the product of V v [beta cell] and M[islet] (Mandarim-de-Lacerda et al., 2010).
Statistical analysis
Data are shown as mean and standard error of the mean. Comparing dead pups at birth, normal protein and low protein gestations were analyzed with the chi-square test. Differences among groups were tested with one-way analysis of variance and post hoc Tukey test (Statistica version 7.0, Statsoft, Tulsa, OK, USA). Differences between F1 and F2 and between F2 and F3 generations were tested by the unpaired Student's t-test with Welch's correction. A P-value < 0.05 was considered statistically significant.
Results

Birth outcomes
The litter size and the ratio of male and female offspring were unaffected by maternal diet in all three generations when compared with NP groups (data not shown). However, the litter mass in the first-generation offspring of mothers on low-protein diets was 45% lighter than offspring of mothers fed normal protein diet (P < 0.05), and the frequency of stillborns in F1-LP was 40% higher (x 2 = 16.58, P < 0.0001).
3.2. Body mass 3.2.1. F1 generation At birth, the body mass for male F1-LP offspring was significantly lower (40%, P < 0.0001) than F1-NP (Table 1) . By as early as seven days, F1-LP pups showed compensatory weight gain showed catch-up growth. From the first week until the end of lactation, the body mass of F1-LP animals remained similar to F1-NP mice.
F2 generation
F2-LP mice were actually 10% heavier than their F2-NP counterparts at birth (P < 0.05). However, there was no difference in body mass between LP and NP animals on postnatal day 21 (Table 1) . 
Blood glucose and insulin
There was no significant difference in blood glucose between LP and NP offspring, either at birth or at weaning, in all three generations ( Table 2 ). The basal insulin levels, however, were lower at weaning in LP offspring than in NP counterparts in all three generations (P < 0.05) (Fig. 1) .
Pancreas
F1 generation
At birth, F1-LP pups had smaller pancreatic mass than F1-NP pups by 30% (P < 0.01) ( Table 2 ) and significantly (40%) smaller islet volume density (P < 0.0001). They also had a 35% smaller islet mean diameter (P < 0.0001) ( Table 2 ) and 50% smaller beta cell mass-to-pancreatic mass ratio (P < 0.0001) (Fig. 2) . After weaning, the pancreatic mass showed no difference between F1-LP and F1-NP offspring, but various islet features in F1-LP offspring were smaller than in F1-NP offspring: islet volume density was reduced by 20%, (P < 0.01), mean islet diameter was decreased by 10% (P < 0.05) ( Table 2) , beta cell mass-to-pancreatic mass ratio was lower by 40% (P < 0.0001) (Fig. 2) , and there were 35% fewer islets (P < 0.01) ( Table 2) .
F2 generation
At birth, the pancreatic mass was 20% lower in F2-LP offspring than in F2-NP offspring (P < 0.05) ( Table 2) . Moreover, islet measurements were also smaller in F2-LP than in F2-NP progeny, including a 25% loss of islet volume density (P < 0.01), an 8% reduction in islet diameter (P < 0.05) ( Table 2) , and a 25% lower beta cell-to-pancreatic mass ratio (P < 0.0001) (Fig. 2) . By weaning, the pancreatic mass in F2-LP offspring had actually surpassed that of F2-NP offspring by 30% (P < 0.01) (Table 2) ; however, all but one aspect of islet morphology in F2-LP animals remained below those of F2-NP mice. While the islet volume density, the islet diameter and beta cell-to-pancreatic mass ratio were reduced in F2-LP group by 20% (P < 0.05), 8% (P < 0.05) ( Table 2) , and 25% (P < 0.0001) (Fig. 2) , respectively. There was no significant difference in the overall number of pancreatic islets between weaned F2-LP and F2-NP offspring (Table 2) .
F3 generation
At birth, the pancreatic mass was smaller in F3-LP offspring than F3-NP pups by 15% (P < 0.05) ( Table 2 ). Islet features were again diminished in F3-LP offspring: 15% lower islet volume density (P < 0.05), 5% smaller mean islet diameter (P < 0.05) ( Table  2 ) and 20% lower beta cell mass-to-pancreatic mass ratio (P < 0.01) (Fig. 2) . At weaning, neither the pancreatic mass nor the number of islets varied between F3-LP and F3-NP offspring (Table 2) . However, other islet variables (islet volume density, islet diameter, and beta cell mass-to-pancreatic mass ratio) remained smaller in F3-LP offspring by 15% (P < 0.05), 10% (P < 0.01) ( Table 2) , and 35% (P < 0.0001) (Fig. 2) , respectively.
Immunofluorescence and immunohistochemistry
In comparison to NP offspring, LP offspring showed reduced insulin immunoreactive beta cells in all generations (Fig. 3) . In addition, LP offspring displayed a larger number of non-beta cells in both the core and periphery of pancreatic islets and greater disorganization in the distribution of islet endocrine cells (Fig. 3) . Analysis of the pancreatic tissue in NP offspring using double labeling for glucagon and insulin (Fig. 4) displayed the typical arrangement of endocrine cells within the islet distributed as a Glucose (mmol/L) 6.4 AE 0.3 6.6 AE 0.3 6.6 AE 0.3 6.9 AE 0.4 6.4 AE 0.3 5.9 AE 0.2 core of beta cells surrounded by a mantle of alpha cells. In contrast, in all generations of LP offspring at birth and at weaning, a portion of alpha cells had migrated to the islet core, altering the distribution of alpha and beta cells (Fig. 4) .
Discussion
This is the first study to describe the effects of a low-protein diet during gestation on early pancreatic structure and insulin secretion in F3 mouse offspring. We observed that maternal protein restriction led to a number of complex changes in the pancreases of their offspring despite the fact that of the mother and pups consumed a standard diet during lactation. These pancreatic deficits persisted through three generations.
Protein deficiency impairs maternal pancreatic adaptation during pregnancy, leading to maternal glucose homeostatic disorders, which are known to have deleterious consequences on fetal organ growth and metabolism (Dahri et al., 1995; MartinGronert and Ozanne, 2010) . Consistent with these findings, our F1-LP mice showed a reduced litter weight and greater frequency of pup death. As has been reported (Chen et al., 2009 ), we observed compensatory growth during the lactation period. The catch-up body mass has been shown to increase susceptibility to obesity, type 2 diabetes, and cardiovascular diseases (Bieswal et al., 2006) .
Our observations of the F1 generation are consistent with other previous single-generation animal studies (Petrik et al., 1999) . Newborn and weaned F1-LP have demonstrated typical features of protein malnutrition, including neonatal microsomia and low pancreatic mass at birth, reduced beta cell mass and islet size. As a result, insulin secretion is impaired due to loss of beta cell vascularization, reduced proliferation and parallels an increase in apoptosis Petrik et al., 1999) . Our results are in agreement with prior morphometrical assessments of the endocrine pancreas that have reported smaller and fewer islets (Green et al., 2010) . Accordingly, the estimated volume density of islets in each pancreas shows that there was less endocrine tissue per pancreas in F1-LP than in F1-NP offspring, both at birth and weaning. However, F1-LP offspring are normoglycemic under basal conditions but secrete low levels of serum insulin compared to NP offspring. The maintenance of glucose levels in malnourished pups may reflect an increased sensitivity to insulin and a consequent increase in the glucose uptake by peripheral tissues (Chamson-Reig et al., 2006) .
Pups from protein-restricted mothers could develop gestational diabetes and transmission of the ''diabetogenic tendency'' to subsequent generations exclusively via the maternal line (Aerts and Van Assche, 2006) . Maternal (F1-LP) diabetes impairs adequate structural and functional development of the fetal (F2-LP) endocrine pancreas, inducing beta cell dysfunction (Stadler et al., 2009 ) that cannot be restored. Fetal and maternal dysfunction both contribute to accelerate anabolism, imposed by the hyperinsulinemia of the diabetic mother and the resulting F2-LP neonatal macrosomia. This could explain the larger pancreatic mass we found in F2-LP offspring at weaning, even though this compensatory effect was not accompanied by an increase in pancreatic endocrine tissue.
The pancreatic phenotype exhibited by the malnourished F1 generation in the present study was transferred to a second generation. We found that reduced islet size and islet volume density were associated with a significant reduction in beta cell mass at birth, persisting at postnatal day 21, even though the number of islets was not affected. These results were also consistent with the lower plasma insulin levels observed, suggesting an increased sensitivity to insulin in the target tissues of these due to our finding that F2-LP was normoglycemic at this age.
Similar effects of a low-protein diet on F3 offspring possibly derive from the combination of a latent diabetogenic tendency and a loss of plasticity (Cox et al., 2010) , which is passed from one generation to another (Aerts and Van Assche, 2006) . Although the F3-LP mice do not exhibit macrosomia at birth, all features we observed were similar to F2-LP; the similarities remained at weaning, except that the pancreatic mass was fully normalized in F3-LP. Fasting insulin levels remained low in the presence of normal blood glucose levels by postnatal day 21, which could be explained if there was an increased expression of insulin receptors by peripheral tissues (Shepherd et al., 1997) .
Moreover, the LP groups had significantly smaller and more irregularly shaped islets in comparison to NP groups in all generations (F1-F3) . Overall, the F1-LP neonatal islets showed a less organized histoarchitecture compatible with a delay in islet maturation. Furthermore, at birth, the islets are normally arranged like pearls on a string (Jensen, 2004) , though this structure was not observed in the F1-LP offspring. Low protein offspring also displayed impaired cell distribution within the islet; the central placement of beta cells was perturbed by alpha cells infiltrating, a finding typically observed in diabetic animal models (Janssen et al., 2001) . This disarray of endocrine cell types within the islet detected both at birth and weaning suggests that islet cell distribution is not altered with age. However, it is possible that the disruption of the islet cyto and histoarchitecture may lead to disturbances in cell-cell interactions that are recognized as important for appropriate beta cell function and insulin secretion (Carvalho et al., 2006; Gorogawa et al., 2004) . These alterations in pancreatic structure cannot be normalized by a return to normal diet, implying that these changes are transgenerational.
Because F3 is the first generation that does not have direct exposure to malnutrition and yet continues to show deleterious effects on pancreatic structure and glucose metabolism, we can assert that this phenomenon is unequivocally transgenerational (Skinner, 2008) . Current knowledge that prenatal malnutrition has the capacity to modulate the transgenerational passage of phenotypic information is likely to imply epigenetic gene regulation. Epigenetics involve molecular mechanisms that promote mitotically or meiotically heritable alterations in gene expression potential but that do not alter the genomic DNA sequence (Jirtle and Skinner, 2007) . Although the exact mechanism that underpins this phenomenon is poorly understood, DNA methylation, various alterations of histone proteins and the control of mRNA expression by non-coding RNAs are all potential candidates (Waterland, 2009; Waterland and Jirtle, 2003) .
A common mechanism by which intrauterine insults affect insulin-sensitive tissues in the offspring may occur via mitochondrial programming. Beta cell mitochondria are the regulators of glucose-stimulated insulin secretion, and it has been proposed that an early malnutritional environment may reprogram mitochondrial function (Theys et al., 2009 ). Beta cells have higher energy requirements and lower levels of antioxidants (Rashidi et al., 2009) . Consistent with these, a low-protein diet is associated with a depressed antioxidant defense system, reduced ATP production (Theys et al., 2009 ) and increased generation of reactive oxygen species. Reactive oxygen species initiate multiple reactions that lead to oxidative damage and may likely contribute to the reduction of beta cell mass observed (Simmons et al., 2005; Tarry-Adkins et al., 2010) . These alterations can be transmitted from one generation to the next and specifically occur in the endocrine pancreas through downregulation of insulin mRNA expression, which leads to a reduction in the glucose responsiveness of pancreatic insulin secretion .
The effects of fetal malnutrition depend on the type and timing of dietary restriction. In the present study, a severe maternal protein-restricted diet (5% protein) was used, which is known to enhance a deleterious response in offspring of both genders (Woods et al., 2005) . The late gestational period is crucial, especially during the time when the fetus begins to regulate its own glucose homeostasis and adapts to the maternal fuel supply (Aerts and Van Assche, 2006; Chamson-Reig et al., 2006) . Pathophysiological mechanisms link prenatal and postnatal sensitivity to insulin as early as weaning age , and beta cell function declines with age, leading to an increased incidence of type 2 diabetes (Garofano et al., 1999) . In the present study, pancreatic mass was affected more severely than body mass as a whole, and the overall pattern of transgenerational transmission of changes in islet structure and glucose metabolism were equivalent in three generations of protein-restricted offspring.
In conclusion, the maternal nutritional state throughout gestation determines the persistent restricted-programmed phenotype in offspring. Pancreatic structure and glucose metabolism are not restored by nutritional recovery after birth and are passed transgenerationally for up to three generations. Maternal protein restriction in mice alters pancreatic development, leading to a reduction in beta cell mass and potential alterations in the physiological function of beta cells. Further research is needed to determine whether this beta cell plasticity in very young mice will be maintained, reverted, or accentuated later in life.
